The new proposed refinement for density distributions of bonding electrons has been applied to the crystal structure of cyanuric acid. R becomes 2.62 or 2.52% (LQ1, LQ2). Constrained populations for the bonding electrons (LQ3-LQS) seem to be less suitable for obtaining agreement with the X-ray data. In these three refinements, fixed population factors (n = 2, n = 3, and n = 2 or 4) for the charge clouds of the bonding electrons have been introduced. A comparison with the atom-and bond-population parameters obtained with atomic-orbital functions, shows that there are differences in the population values. In both cases, however, the difference maps and the bonding electrons outside the spherical arrangement of the core electrons are similar.
Introduction
In the first paper of this series (Hellner, 1977) the refinement procedure is explained. The electron density is split into core electrons (c), bonding electrons (v) and non-bonding electrons (o) . For the core electrons the atomic form factors (f~) and the occupation factors for the first main row elements (n --2) are known, whereas a Gaussian distribution is used for the charge clouds of the bonding and non-bonding electrons. The shape of the charge clouds is then described by the factors flu which also include the true temperature factor. At low temperature this part is less than 10% of the total flu" A correction of the fl~/ with respect to the temperature factor will be described in a subsequent publication with the aim of transforming the dynamic electron density into a static one. This will be possible even without the knowledge of neutron diffraction data, because it turns out that the xyz and the flu for the core electrons are very similar to those obtained by neutron diffraction. Stewart (1970) has shown in a refinement, separated into K and L shells, that his results for the K shells are also similar to those of neutron diffraction experiments.
Experimental data and previous work
In recent years, cyanuric acid (C3H3N303), along with a few other substances, has been used as a model compound for the study of bonding electron density. Room-and low-temperature (100 K) X-ray data were collected by Verschoor & Keulen (1971) . A neutron diffraction study was published by Coppens & Vos (1971) . An application of the least-squares formalism which includes both one-and two-center orbital products was given by Jones, Pautler & Coppens (1972) . In the present work, the low-temperature X-ray data of Verschoor & Keulen (1971) were used.
Refinement procedures
A description of the refinement method used in this work is given in part I (Hellner, 1977) . In the refined models, described below, the form factors for the core electrons (ls 2) were taken from International Tables for X-ray Crystallography (1974) . At the beginning, charge clouds of bonding electrons were placed at the mid-points of the bonds. Additional point charges at the core positions took account of the higher electron numbers of O and N. The smeared point charges have a Gaussian distribution. The two effects, thermal vibration and smearing of the point charge through bonding, are contained together in the usual anisotropic temperature factor and are represented as an ellipsoid.
Because of the limitations of the computing facilities and programs, the refinement was carried out with alternate parameter sets with a full-matrix program. The quantity minimized was ~ w(F o -IFcl) 2. A weighting scheme with the weight (w) as a function of the standard deviations of the structure factors, and a unit weighting scheme were tested. Both refinements gave nearly the same results. The refinement proceeded with five models (LQ1 to LQ5). In the first model, the positional parameters of both the bond and additional charges were kept fixed. The positional parameters and temperature factors of the core electrons (ls 2) and the occupation parameters of the charge clouds were allowed to vary.
The H atoms were given isotropic temperature factors. Attempts to apply anisotropic temperature factors led to unrealistic values for the magnitudes and shifts of the parameters. This was also found by Verschoor & Keulen (1971) and by Coppens & Vos (1971) . R was 2.62% at the end of the first model refinement (LQ 1).
In the second model (LQ2), the previously fixed parameters of the charge clouds were included in the refinement and an improved R of 2.52% was obtained. In the other models tested (LQ3-LQ5) the population parameters for the bonding charges were constrained.
With respect to the 'bonding character' the constrained populations were two, i.e. single bonding between C-N, C--O and N-H was assumed (LQ3). In the concept of a sharp discrimination between single and double bonding, the population parameters for C-N, N-H were given as two, while those of C-O were given as four (LQ5). An intermediate concept such as n bonding in the whole molecule was defined by the same population parameter (three) for all bonding charges (LQ4).
In Fig. 1 the geometry of the cyanuric acid molecule and the notation of the charges are presented. In the crystal the molecule possesses a twofold axis which coincides with the crystallographic twofold axis.
Results of the refinement and comparison with published data

Positional parameters
A comparison of positional parameters from various refinements is given in Table 1 . In columns 1-3 the values from the refinements with the usual spherically symmetric form factors are compared [column 1 is from Verschoor & Keulen (1971) , column 2 from Coppens & Vos (1971) , and column 3 from the present work]. The results from neutron diffraction (Dietrich & Scheringer, 1978) and the ls 2 core positions from this work are in columns 4, 5 and 6 respectively. In Fig.  2 (a) and (b) the asymmetric part of the molecule is given. Large-type symbols and the larger circles denote atomic positions. Small circles between bonded atoms denote bond charges. Both bond and additional charges on O and N positions are marked by L1 to L11. In both figures the displacements of the centers of gravity with respect to the neutron diffraction results ( Fig. 2a ) and mid-points of the interatomic bonds ( Fig. 2b ) are represented by arrows. Their magnitude is given in/~,. In Fig. 2 (a) the first of three (two) numbers refers to the XR3 parameter set. The second number gives the displacement of the core (ls 2) positions resulting from model LQ2. The third number (at the O atoms) gives the distance between the apparent lone-pair charge centers and neutron coordinates of the O atoms. In Fig.  2 (b) the displacements of the bond charge centers with respect to the mid-points of the bonds are given. The out-of-plane displacements are indicated by plus and minus signs.
In spite of the different methods of refinement, the parameters agree within reasonable limits. With the exception of the O atoms the coordinates agree in most cases within 0.001 ,/~. While the atomic positions obtained from the usual refinements with X-ray data (free-atom model) and neutron diffraction data differ by 0.003-0.008 A, the differences for the isolated ls 2 cores with respect to the neutron values are smaller by a factor of two or three.
The discrepancy between the O coordinates obtained from neutron and X-ray diffraction was also observed by other authors and in other compounds (Coppens, Sabine, Delaplane & Ibers, 1969) . The strong charge polarization (Coppens & Coulson, 1967) and the associated shift in the center of gravity of the X-raydetermined position is a reasonable explanation. The smaller shift for O(1) may be associated with the strong hydrogen bond O(1)...H(1)--N(1) (Coppens & Vos, 1971) . The asymmetry of the electron density distribution around the O atoms becomes evident when the positions of the apparent lone-pair charges are considered. The parameter differences given in Fig. 2 are much larger for these charges (0.047 and 0.042 respectively).
The H atom positions have been extracted by careful consideration of the data. As is indicated in Fig. 2(a) the difference between the ls z core and the neutron parameters is 0.06 ,~, which is not unusually large.
Temperature factors
Temperature factors for the cores obtained from the various refinements are given in Table 2 . The values are chosen and arranged so that a direct comparison between different refinements is possible.
In the last column the calculated U u values for the cores are given. With the assumption of rigid-body motion, these values were calculated from refined T, L and S tensors, with a program written by Scheringer. The calculations were based on the temperature factors from Dietrich & Scheringer (1978) . The most striking agreement is between U U values from neutron diffraction and those of the ls 2 core electrons. Table 3 lists the elements of the U tensors for the 'vibration' ellipsoids of the bond as well as additional charges. The contribution from thermal vibration is of the order of 5-20% (cf. Scheringer, 1977) . The remainder describes the smearing of the charge clouds of the bonding electrons.
Hamilton test
The model structure described above was fitted to the X-ray data in a two-stage refinement procedure. Refinements with the same intensity data and with spherically symmetric atom form factors gave R values of 3.8% (Verschoor & Keulen, 1971 , block-diagonal matrix), 4.18% (Coppens & Vos, 1971 , full matrix) and 4.1% (present work, full matrix). In contrast, the model with separate bond electron density distributions converged to 2.62 and 2.52% for the refinements LQ1 and LQ2 respectively. The question arises as to whether this drop in R is significant.
A suitable method for answering this question is provided by the Hamilton (1965) test. The number of structure factors Fhu is 942 (X-ray data) and the number of variable parameters, including a scale factor, is 118, when the positional parameters of the interatomic charges are kept fixed. The reference quantity is R c = 3.8% from Verschoor & Keulen (1971) , with 49 variable parameters. The ratio of R for the two refinements is 3.8/2.62 --1.4504. The Hamilton quotient for a 0.5% significance level is 1.060. From this point of view the proposed refinement model has a real basis. In addition, the change in R from 2-62 to 2-52% on increasing the number of refined parameters from 118 to 141 is hardly significant (the corresponding Hamilton quotients are still 1.0397 and 1.028).
The models LQ3-LQ5 are restrained with respect to the LQ 1 model. As shown in Table 4 , these models give 1. 145. The number of parameters refined decreases for all three constrained models from 118 to 61. R, obtained by interpretation for the parameter difference 118-61 = 57 and 942-61 = 881 degrees of freedom, is 1.048 at the 0-005 level. The increase of R for the constrained models LQ3, LQ4 and LQ5 is (7) 142 (8) U33 128 (6) 155 (8) UI2 6 (4) -2 (4) U23 10 (4) 2 (6) U~3 112 (6) 131 (5) L2 Uti 192 (4) 3.30 201 (5) 2.63
Ic(2)-o(2)1 o22 196 (8) 170 (13) u33 324 (12) 285 (20) u~2 -3 (4) -4 (5) u23 103 (7) 53 (14) U~3 122 (6) 144 (7) L3 Uit 185 (5) 1-54 190 (5) 1.75 [C(2)--N(2)] 0"22 162 (12) 210 (36) U33 156 (5) 166 (4) U,2 -15 (5) -12 (6) 0"23 -4 (5) 14 (6) therefore highly significant and excludes these models from further detailed considerations.
Bonding effects
In the model described above it has been shown that it is possible to refine core and bonding electrons separately. In this way it was possible to reach a better agreement between observed and calculated X-ray intensities. The ellipsoids of vibration for the charge clouds of bonding electrons and additional charges at N and O positions (dotted lines) are given schematically in Fig. 1 . The U tensors describing these ellipsoids and the occupation parameters are given in Tables 3 and 4. For C(1) and C(2), no additional charges were found to be necessary. It can be seen from Fig. 1 that the bonding electrons also make contributions at their core positions and therefore influence the total charge there.
Larger discrepancies arise when constraints are applied to the occupation parameters, as is shown in the refinements LQ3 to LQ5 for the O and N atoms (Table  4 ). For the models LQ1 and LQ2 (without constraints for charges) the charge distributions at the core positions are comparable. The magnitudes of the deviations are higher in LQ 1 than in LQ2. In particular, the occupation parameter of N(2) is markedly smaller than that of N(I).
When the positional parameters of the bonding electrons are allowed to vary, the occupation parameters are also found to change. This is seen in the differences of the resultant occupancies in LQI and LQ2. In particular, those of C (2)-0 (2) and C ( 1)-O (1) achieve the more reliable values of 1.20, 2.63 and 1.88 e instead of 0.77, 3.30 and 0.74 e. As a result of the refinement LQ2 the largest occupation parameter for a charge cloud of bonding electrons is that for C(2)-O(2) with a value of 2.63 e while for C(1)-O(1) the corresponding value is 1.88 e. The occupation parameters for the various C-N bonds lie in the range 1.20-1.75 e, and for the N-H bonds in the range 0.79-1.03 e.
Because of the correlation between the scale factor and the occupation parameters, and the discrepancies mentioned above, the magnitudes of these parameters are only relative. Measurements of absolute intensities are necessary to overcome this limitation.
Comparison of occupation parameters
Occupation parameters for cyanuric acid were given by Jones, Pautler & Coppens (1972) . Their results were obtained from atomic-orbital calculations using Hartree-Fock and Slater-type basis functions, and lead to a 'two-center formalism' for the molecular orbitals. The refinements were carried out with 62, 49 and 44 parameters. For the refinement with Hartree-Focktype functions similar occupation parameters were obtained for equivalent bonded atoms. In addition, the occupation parameters of the one-centered p] orbitals for C, N, and O were closely similar. In spite of higher values of R (3.1 and 3.5 %), the refinements with fewer parameters (49 and 44) gave better occupation parameters for the O bonds. Correlation effects in the refinement prevented a direct comparison with theoretical results.
The results of the two refinements performed by Jones, Pautler & Coppens (1972) and those from the present work are given in Table 5 . In general, the occupation parameters show a large variational spread, so that the question arises as to the physical meaning of these results.
The models LQ3 with the fixed population parameter n = 2 for the charge clouds, LQ4 with n = 3, and LQ5 with n = 2 and nc_ o = 4, show definite differences in the final results which can be obtained from the same set of X-ray data (Table 4 ), but the total sum of the charges in the electron density map is not of help for proving the validity of occupation parameters; this result is also true for theoretically derived parameters.
In our case there are some arguments against the results of the restrained models LQ3, LQ4 and LQ5. The total number of electrons is either decreased (LQ3,LQ5) as in the models LQ1 and LQ2 or increased up to 37 (LQ4) instead of 33 electrons per asymmetric unit. Although the total number of electrons varies in the same order in the different models, the values of R of the restrained models are markedly higher than those of LQ1 and LQ2. As mentioned in the previous section, the derived Hamilton values demonstrate the rejection of the restrained models LQ3, LQ4 and LQ5. The truth seems to be not too far from model LQ2, a suggestion that could be better substantiated with a data set of absolute intensities.
The models proposed in this paper require a maximum of 17 parameters for the electron occupations, result in good values of R, give positional and vibrational parameters for the ls 2 electrons which approach those from neutron diffraction, and allow a good resolution of the difference density of bonding electrons. Further models for the refinement are probably possible. The method described here, in which charge clouds of bonding electrons are represented by Gaussian distributions, can only be a first step to a description of bonding-electron distributions. An important step would be the determination of occupation and positional parameters by different physical methods, so that it would be possible to decide between the various approaches to the interpretation of the electron density. A comparison with the results of Jones, Pautler & Coppens (1972) , where occupation parameters were determined for several orbital products by means of X-ray diffraction data, does not appear to be sufficient for this purpose.
Difference synthes&
In Fig. 3 two difference syntheses are shown side by side. Fig. 3(a) gives the F x-F N synthesis with the experimental X-ray data of Verschoor & Keulen (1971) and the core parameters given by Dietrich & Scheringer (1978) who carried out a new refinement with the neutron data of Coppens & Vos (1971) . Fig. 3(b) is equivalent to Fig. 3(a) except for the fact that the positional and thermal parameters of the ls 2 electrons (K-shell parameters) of model LQ2 are used, and hence Fig. 3 (b) is denoted as a F x -Fr synthesis.
The agreement between the two maps is very good for the bonding electrons. Small deviations occur in the lone-pair regions of the O atoms. The form of this charge distribution found in Fig. 3(b) is more concentrated whilst that given with the neutron diffraction parameters seems to broaden the asphericity of the lone pairs around the O atoms.
Conclusion
The simple refinement described above leads to occupation parameters and density distributions for bonding electrons which, if at all physically meaningful, represent a first gross approximation. The results are comparable with those obtained by Jones, Pautler & Coppens (1972) in their analysis of occupation parameters of orbital products. The latter are always lower, if not negative, for bond populations. The difference syntheses give equally good results for both ways of approach. The simple refinement described in this paper may be continued and expanded in the following way" the lone-pair electrons on the O atoms may be considered separately; the charge clouds of the bonding electrons may be given occupancies of 2 e each; and separate 7r-electron clouds may be introduced.
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